A system of emission bands in the red region of the optical spectrum has been identified as due to the species MON. The system was generated by the microwave (2450 MHz) excitation of a flowing mixture of MoCl$ and molecular nitrogen in a stream of helium but is also observed in a DC arc in air between molybdenum electrodes. One of the Q-form branches has previously been assumed to be an atomic line of MO 1. The system has been assigned as the 0, 0 band of a 411(a) -X42-(a) transition, with a large zero-field splitting of the ground '2-term (-86 cm-'). A preliminary search has been made to detect the presence of MoN in Mtype stars. 0 1985 Academic Prem, Inc.
INTRODUCTION
In contrast to the transition metal oxide emission spectra there are, so far, relatively few transition metal nitride systems either known or analyzed. The species identified in the gas phase are TiN (I, 2), ZrN (3), NbN (4, 5) , MoN (6, 7) , VN (8) , TaN (9) , and ReN (IO), while matrix isolation studies have been carried out on TaN (11) , ZrN (12) , MoN (13, 14) , and NbN (15) . In fact, the first authenticated example of a transition metal nitride system was that of MoN, which was recognized by Howard and Conway (6) in 1965 from the results of an "N isotopic experiment. The systems were not, however, rotationally analyzed and, when generated by an arc between molybdenum electrodes in nitrogen, the lines are badly broadened from Doppler and multiple molybdenum isotope sources. [Natural abundance molybdenum has seven isotopes with mass numbers and abundances of 92 (15.84%), 94 (9.04%), 95 (15.72%), 96 (16.53%), 97 (9.46%), 98 (23.78%) and 100 (9.63%).]
In addition to the rarity of nitride systems, there are few examples (16) (17) (18) (19) (20) (21) (22) (23) of transitions between terms with quartet spin states, particularly where there is a large zero-field splitting of a 42-state (24) requiring its classification as Hund's case (a) (25, 26) . The present example involves both of these circumstances.
Finally, it is worth noting that molybdenum appears to be unique among the transition metals in its generation of a nitride in an arc in air. The ramifications are that there may be indication of MoN in the cool (M and S type) stars, and even though this phenomenon cannot be directly connected with the role of molybdenum in nitrogen fixation by legumes it may, nonetheless, be indirectly related to it.
The spectra of all systems were obtained from the reaction of isotopically enriched (-85%) 94MoC15 and active nitrogen (and also 15Nz) in a microwave discharge (-100 W) using helium as the pumping gas. The spectra were photographed on 103aD, 103aF, II aD, and II aF plates and films on a 1.5-m Bausch and Lomb spectrograph for low resolution (-15 A/mm in the first order) and in the 9th and 10th orders of a Jarrell-Ash 3.4-m Ebert spectrograph. The resolution is -500,000 in the 10th order of the latter instrument and the reciprocal dispersion is -3 A/cm.
Standard wavelength calibrations used were neon, thorium (in a microwave excited discharge), and a hollow cathode Fe lamp. The standard lines were first fitted to a quadratic equation, any badly fitting lines being discarded or checked for errors. The lines were finally fitted to a fourth-order polynomial with a standard deviation of not greater than 0.001 A, any suspect lines again being discarded. The wavelengths of the unblended spectral lines were interpolated from this polynomial, having been measured to an accuracy of -1 pm, and were converted to vacuum wavelengths and cm-'. Final errors in the line positions have been estimated as kO.003 cm-'.
The line frequencies are listed in Tables Ia, b , c, and d in cm-i (vacuum corrected).
APPEARANCE OF SYSTEM
The emission from MoN is quite intense under these experimental conditions and the discharge has a distinct reddish aureole. Under low resolution (Fig. 1 ) the region between 5990 and 6350 A is dominated by molecular bands. The carrier was confirmed from the "N spectra as MoN and the bandheads closely match chose given by Howard and Conway (6) . An exception is the intense line-like feature at 6 123 A which shows a negligible isotope shift and is identified in the MIT tables as an atomic line of MO. As is shown below, this feature is really a complex combination of Q-form bandheads.
Under high resolution, the band system clearly represents one of the most spectacular examples of a high-spin multiplicity transition. Aside from some weak sequence bands there are very few interfering lines of any kind, there are no obvious perturbations, and the intensity is sufficient to allow the lines to be recorded up to J -60.
The high-resolution photographs of the systems are given in Figs. 2a, b, c, and d. It will be immediately observed that the 6305-and 5996-A systems are very similar in appearance, with spacings between lines at low values of J of OB and ?2B. The 6245-and 6123-A systems are also very similar, with low J spacings of OB, +2B, and f4B. (The wavelengths indicated correspond to the subband origins, uo.) The former pair are typical of many previously known subbands in that they consist of doubled P, Q, and R branches with a conventional J dependence and degradation. The latter pair are quite distinct, however, in their unusual Q-form, 0, and S-form features in addition to the more usual P and R branches. 
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RESULTS AND ANALYSIS
The four subbands described above have been assigned as the '?I-l,t(a) -4Z&z) (6305 A), 411,,&z) -4Z,,(a) (6245 A), 41Y13iz(a) -4&,(a) (6123 A), and 4IMa) -4Z,&z) (5996 A) components of the (0, 0) band of a "II(a) -4Z-(a) transition. This assignment was based, first, upon the general appearance of the bands, as cited above; second, by a subband by subband analysis; and, third, upon a concerted analysis of the system. The gross appearance of the system can be derived from the energy level diagram given in Fig. 1 and it reflects the case (a) selection rules AZ = 0 and AC! = 0, f 1. It will be noted that there is a very small interval for the 4111,~ -41T_,,2 spacing (-65 cm-') but that the spacings for the other 411 ~m~nents are as would be expected for a second-row tmnsition element with a one-electron spin-orbit coupling constant -300 cm-'. Perhaps the most surprising feature is the very large zero-field splitting of the 'Z-state, -86 cm-', thereby clearly classifying it as an example of Hund's case (a) coupling. The very unusual appearance of the Q-form (line-like) features in the 6 123-and 6245-A subbands is the result of the combination of a large n-type splitting of the 4Z;1/2 state upon which both terminate and the h-doubling of the 411 substates from which the transitions arise.
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The analysis of the spectrum has been performed in three successive stages: the subband by subband analysis (411n -4&J, the intermediate analysis [411n -42-(a)], and the complete analysis [411(a) -42-(a)]. In the first of these stages, the molecular constants for each individual 411~ and 4ZG substate are calculated from combination relations. This is necessary to confirm the relationship between the various subbands, and also accentuates the differences between individual subband constants. Additionally, the recognition of individual subbands by other workers necessitates listing their separate constants. In the second stage, the molecular constants for the 4Z-(a) state are calculated from combination relations and, using these values, greatly improved values for the 411n substate constants are then obtained from direct fits to the frequencies of the corresponding kbbands. In the final stage, the 1003 line frequencies comprising all four subband systems are fitted to the corresponding differences between the eigenvalues of the 411(a) and 4Z-(a) Hamiltonian matrices in order to calculate constants for the 411(a) state.
"II State
The Hamiltonian where for each vibrational level of a 41f state may be written as (18) T, = the electronic and vibrational energy The first term in & is the spin-orbit interaction, and the centrifugal ~sto~ion correction. second term is its
B, is the rotational constant, and D, is its first centrifugal distortion correction, H, = ~v(3S: -s2) + 1/2ru,(S+S+ + S_S_)GO,,Q
The first and second terms of HS are the parts of the spin-spin interaction which are diagonal and nondiagonal, respectively, in A.
H, = y& 3)~s
is the spin-rotation interaction diagonal in A.
is the lamp-doubling interaction. The lam~a-doubling constants pV, qv, and u, are defined by Zare et al. (20) . They show that u, cannot be obtained ex~~mentally but, instead, is approximated by
The set of case (a) basis functions of definite parity ia+> are, for a 411 state,
The plus and minus signs refer to the e and frotational levels, respectively, where the e, fnotation is according to Kopp and Hougen, (22) i.e., that rotational levels with parity +(-l)J-'/2 are designated "e" and those with parity -(-l)J-"2 are designated 'tf." With (2) as the basis set, the 411 Hamiltonian reduces to two 4 X 4 symmetric matrices, one for the e and one for theflevels.
In the MoN molecule, perturbations from one or more unidentified electronic states cause the energy differences between the 411 substates to differ markedly from each other, as can be seen from Fig. 1 . The states causing these dramatic shifts in the substate energies have not been identified and, therefore, cannot be characterized. Accordingly, the diagonal matrix elements in (18) were modified in an empirical manner in order to take into account the effects of these perturbations. This was accomplished by replacing eT, in each diagonal element by 1;2(Q = -l/2, l/2, 3/2, 5/2), where Tn is a constant term which is different for each substate. The four TQ's become adjustable parameters in the nonlinear least-squares fit of the eigenvalue differences to the 1003 line frequencies, as described below. The modified elements of the 411 matrix are given in Table II. 4x-State The Hamiltonian for each vibrational level of a 42-state can be written as (16, 17) 
Using this basis set the 4 X 4 4Z-Hamiltonian matrix reduces to two 2 X 2 matrices, one for the e and one for thefrotational levels. The matrix elements are given in Table III . The 2 X 2 matrices are easily diagonalized analytically to obtain their eigenvalues, which are, respectively, the e and f rotational levels of the 41;~,2 and 42;1, substates.
The spin-spin and spin-rotation interactions have the same quantum num~r dependence as the second-order spin-orbit interaction (16, 17) . In addition, the spin-spin and spin-rotation parameters are considerably smaller than the contributions to the eigenvalues from the off-diagonal elements of the spin-orbit interaction. Thus, the parameter X can be considered as an "effective" spin-splitting parameter; most of the contributions to it are from the off-diagonal spin-orbit effects. X is defined so that 'T0(~2,2) -'To(~~;,z) = 4X.
Preliminary Analysis (Subband by Subband): 'Qn -'2;
On the assumption of the transition as 411(a) -'%(a) and utilizing the usual selection rules, the energy level diagram is as given in Fig. 3 . As in the case of the 421-state, fits to suitable combination relations (A4) enable the analogous 411n constants to be calculated. These are given in Table IV .
Examination of Table IV shows that the B'n and D'n values have no obvious pattern, the D' value for Cl = -l/2 being, apparently, negative. Nor can the constants be fitted to a relationship of the form known for 'II and 311 states, i.e.,
BQ=B,
2ZB, 1 +----+*.q AA where the symbols have their usual significance. Thus, Table IV shows that a value of I3, cannot be obtained from the &'s and their appropriate 5: values, unless the higher terms in the expression, which are usually small, are unexpectedly large. The constants in Table IV The observed lambda doubling, A&"(J) = F&(J) -&f(J), of the 411_1,2, 411i,~, and 41i3,2 substates is shown in Fig. 4 . There is no observable splitting of the 4II~i~ substate. According to the Budo and Kovacs formulae (28) , the splitting of the -l/Z substate is negative and is proportional to J. The splitting of the l/2 substate is positive, is also proportional to J, and is comparable in magnitude to that of the -l/2 substate. The splittings of the 3/2 and 5/2 substates are much smaller and are proportional to J3 and J', respectively. An attempt was made to fit the observed lambda doubling of the four substates to the Budo and Kovacs expressions. These expressions involve the constants Ci (i = 0, 1, 2) together with Y (= A/B) and were evaluated from fits to combination relations (A4). i.e., since
A+(J) = F6AJ) -Q(J).
W-,/2(J) -A&z(J)
&c, =_- 4. The observed lambda-doubling of the 'l&z) state of MON. Note that no doubling was observed for 'IIm and that this, therefore, is not included in the figure.
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All four substates were included in the fit, which was carried out using the program MARQ (29) , which utilizes Marquardt's method of nonlinear least squares (30) . The results, which are presented in Table VI , are poor. The differences between calculated and observed combination differences exceed 100% for large values of J. The value of Y, which yields A, -220 cm-', is at least of the correct order of magnitude. A repeat of the fit in which the 411 5,~ substate was omitted produced even worse results. This discrepancy is not surprising however, since, as shown in Fig. 4 , the observed splittings are not in agreement with the Budo-Kovacs predictions.
The Intermediate Analysis: 411n -4I,'-(a)
The molecular constants B, D, X, y, and XJ for the 42-(a) state were obtained by using program MARQ to perform a nonlinear least-squares fit of sums and differences of the eigenvalues of the 42-matrix (Table III) to observed combination differences. (rl is placed equal to y2, and both are denoted by y.) According to Eqs. (Al) and (A2), for each 42; substate:
A:F:(J) + AfF;(J) 2 = F:,/(J) + F:,/(J + 1) -F$,&J) -F;,e(J f 1) (11)
A total of 153 combination differences, encompassing all four 411n -42; subbands, were included in the fit. The values of the 42-(a) constants which resulted are given in Table V . (Table III) , using the molecular constants in Table V As was shown above, the line frequencies calculated using the molecular constants obtained from combination differences disagree markedly with the measured frequencies at large values of J. Therefore, improved sets of constants for the 411n substates were obtained by using MARQ to fit differences between calcuiated 411n and 4C-(a) rotational levels directly to the corresponding frequencies. The 411ra energy level expressions used are the same as before, i.e., Eq. (S), but the 42-(a) formulae are now the matrix eigenvalues (Table III) . In addition, the 4Z-(a) constants are not ahowed to vary during the fit, but, instead, are fixed to the values in Table V . The reason for this is that the 42-(a) eigenvalues are derived using a very accurate Hamiltonian, Eq. (3), whereas the 411n expressions, Eq. (8), are very simplistic. MARQ is used to fit the differences between the rotational levels of the 411n and 42; substates to the measured frequencies of each subband to obtain B;2, D'n, p)n, P),~, and piJ,*. The results are summarized in Table VII . The fits for the 4113,2 -42;i, and 4115,2 -48;,2 subbands are extremely good, as can be seen from the values of the standard deviations (-0.01 cm-'). In fact, the maximum deviation between measured and calculated frequencies is -0.03 cm-'. The fits for the 4111,2 -421/2 and 4K1,2 -42;,2 subbands are not quite as good; the standard deviations are -0.04 cm-'. In the latter two subbands, there are branches whose calculated frequencies differ from the measured values by as much as 0.20 cm-' for values of J between 55.5 and 60.5.
The Concerted Analysis: 411(u) -42-(a)
The molecular constants for the 411 state taken as a whole are obtained from the "direct" nonlinear least-squares fitting procedure of Zare et aI. (20) . In this procedure the Hamiltonian matrices of the upper and lower electronic states are numerically diagonalized, and the differences between the eigenvalues are fitted directly to the corresponding measured line frequencies. This approach allows all the observed lines (except those deliberately rejected) to be included in the fit, regardless of how fragmentary a given branch may be. A program named DIRECT was written to calculate the 411 constants by calling MARQ to perhorm the fit.
In the case of a 4C-(a) state it is not necessary to numerically diagonalize the Hamiltonian matrix, since, in the case (a) parity basis set (4), it reduces to two 2 X 2 matrices. DIRECT first calculates the 42-eigenvalues, F& (J) and ZQ (J) , using the 42-(a) molecular constants, obtained from the combination relations, in Table V . As in the previous calculation, these eigenvalues remain unchanged during the fit, i.e., the 42-(a) constants are not varied by MARQ. In view of the strong ~~urbations acting upon the 411 state, it was thou~t wo~hwhile to omit the spinorbit splitting constant, A, altogether. This was accomplished by fixing the value of A to zero during the fit. The 411 constants which result are given in Table VIII.   TABLE VII Molecular Constants for the 4IIn Substates Obtained from Least-Squares Fits Directly to the Frequencies of Each Subband (cm-') [The lower state used is the 4X-matrix (Table III) with fixed values of the %-constants (Table V) The standard deviation of the fit is -0.10 cm-', and the differences between the measured and calculated frequencies vary from -0.01 to 0.6 cm-'. As is noted in the next section, nearly all of the discrepancies arise from the failure of the perturbation Hamiltonian HA to describe the lambda doubling of the 411~j2 substate.
DISCUSSION
The remaining problems in the analysis of the MoN spectrum are: (i) Deciding the functional forms of the corrections to the diagonal elements of the 411 matrices, The constants in Table VIII are calculated using only an empirical parameter, Tn, which is adored du~ng the fnting in order to a~orb the effects of the ~~urbations, (ii) Deriving corrections to the Hamiltonian for the lam~adoub~~g interaction, WA, which, as it stands, fails to predict the lambda doubling observed in the 411~,z substate.
In order to shed light on these problems the eigenvalues of the 411 matrices, which are calculated by DIRECT, were compared with experimental values of the 411 rotational energy levels, It is not possible in general to determine absolute experimental values of the rotational levels; one can only measure their differences, i.e., the frequencies. However, for the 411(a) -42-(a) transition in MoN, this can be resolved by ~lc~lating "ex~~rneR~ ro~tion~ levels for the 411 state, which do not depend upon any theoretical model of that state and which include the electronic and vibrational energy, 'TO, of the state. These are denoted T',,XJ) and T& (J) and are given by Eqs. (12) and (13) The matrix isolation studies of Bates and Gruen (13) and Knight and Steadman (14) indicate that the 42-state is the ground state of MON. The calculated rotational levels of the 4X-state are then simply the eigenvalues, FL,e (J) and Fk,f (J) , of the (Table VIII) and the eigenvalues, F&(J) and F,,&), of the 411 matrices. These calculated and "experimental " 411 rotational levels and their differences are given in Table IX for each 411n substate. The calculated lambda doubling for each substate, AvEALC(J) is, by definition, equal to F&&J) -F',,/(J). The "experimental" lambda doubling Th,&J) -T'&Q. Both lambda doublings are given in Table X . From Table X we see at once that the calculated lambda doubling of the 411 3,2 substate is much smaller than the observed. On the other hand, H.l predicts the lambda doubling of the other three substates quite ~tisfacto~ly. The two tables show clearly where the calculated and "experimental" 411 levels differ.
The results given here indicate that a much more satisfactory theoretical formula for HA is needed to adequately describe the lambda doubling of the 411S,2 substate. The way in which the strong central features (Fig. 2b in particular) depend very subtly upon this has already been noted. Changing HA will produce changes in the values of some of the diagonal and off-diagonal elements in Table II . Corrections will then need to be made to the To in order to improve the fit still further and consequently improve the values of the 411 molecular constants. This work is now being undertaken. (ride infra), preliminary calculations do not bear out this interpretation and the origin of the A doubling and spin-orbit discrepancies remain unattributed.
The magnitude of the zero-field splitting of the 42-state is extremely large and affords an excellent example of a "case (a)" 4 2-state. This splitting indicates the importance of higher-order spin-orbit effects in the second-row transition elements and the importance of intermediate coupling for molecules containing these atoms.
The combination of the very small change in the upper-and lower-state B values (of the order of 3.5%), the magnitude of the spin-orbit coupling constant, and the characterization of the ground state as 42-unambiguously assign this transition as highly localized upon the metal atom and of a pseudoligand-field type (31) (32) (33) . Even though it is not correct to describe the molecule as Mo3+N3-, nonetheless the preponderant configuration for the ground term (34) is undoubtedly sa'&*. Similarly, it seems clear from the intensity of the transition that the excited state configuration is predominantly dS*p?r', where the p?r orbital is the Van Vleck "pure precession" partner of a higher-lying pa (3.5), with both of these orbitals being, predominantly, the "Stark" components of the atomic Sp orbital essentially localized on the MO atom. In this regard, it is the 5s~ + 5p7r analog of the A --) X system of TiN (I), the A -X system of ZrN (3), the A3@ -3 X3A system of NbN (4), a similar system in TaN (9) , and all of the indi~d~ analogs of these transitions in the tmnsition metal oxide species (ScO, TiO, VO, ZrO, NbO, etc.) (31, 36) . A more systematic semiempirical approach to this series of assignments has been worked out (37) and will be published elsewhere.
The present MoN system has been seen (13, 14) in low temperatures in a matrix where, of course, only the 42& component is populated. These spectra also suggest the presence of the one-electron analog sa -pa at higher energies, as is seen for many other species (3, 38) and there are, indeed, fragments of other systems to higher energies in the gas phase which have not yet been analyzed (39) .
Finally, it seemed appropriate to search for the particularly strong, line-like, feature at 6123 A in the spectra of M-and S-type stars. Despite a careful search, only one feature in the spectrum of &Pegasi (40) , an M-type star, was found at this wavelength. The feature was originally ascribed to TiO, but more recent spectra of TiO do not show any strong features at this precise wavelength. It is also interesting to note that the feature is given a precision in location of only about 0.5 A compared with the 0.02 /r, for many other features in this spectrum-thereby suggesting that it is not the usual kind of well-defined bandhead or atomic line. In the case of the red system of titanium nitride (I), most of the major bandheads are obscured by the prominent calcium principal series transition, but in moly~enum nitride these do not coincide. The precision of the present observations should be more than adequate to enable the red system of MoN to be identified in future stellar investigations.
APPENDIX: COMBINATION RELATIONS USED FOR THE PRELIMINARY AND INTERMEDIATE ANALYSES
Reference to Fig. 3 shows the following relations for the 42; substates
FJ (J) -FX.7 + 1) = P&J + 1) -Q<,(J) = &(J + I) -RR(J) F; (J + 1) -E(J) = &AJ) -QdJ + 1) = QfiXJ) -PR(J + I), (Al)
and, from these, the following combination relations for each 42; substate can be formed (A41
